Carbamazepine (CBZ) is one of the most detected pharmaceutical compounds around the world, with adverse human and animal health impacts in wastewater effluents. Recently, biocatalytic degradation using ligninolytic enzymes such as laccase along with redox mediators provides a promising approach for their removal from water and wastewater. However, the effects of operational parameters on biotransformation need to be investigated in order to design a robust and efficient process. In this research, central composite design was performed and analyzed using response surface methodology to study the effects of temperature, pH, enzyme concentration and mediator concentration. The adequacy of the developed model was confirmed by the coefficient of multiple regression (R 2 = 75.97%) indicating a reasonable model for practical implementation. The results showed that performing the biotransformation at 35°C, pH 6, with 60 U/L of enzyme concentration and 18 μM of mediator concentration resulted in 95% removal of CBZ. 10,11-Dihydro-10,11-dihydroxy-CBZ and 10,11-dihydro-10,11-epoxy-CBZ were identified as the major metabolites of CBZ oxidation by laccase. The estrogenicity tests indicated that the CBZ with an initial concentration of 4 μM and its biotransformation products had no estrogenic effect. The successful transformation of CBZ demonstrated the potential of the laccase-mediator system for the removal of recalcitrant micro-contaminants.
Introduction
Currently, pharmaceutically active compounds (PhACs) are routinely detected at very low concentrations in the effluents of wastewater treatment plants (WWTPs) [1, 2] . Since the PhACs can produce a biological effect at lower concentrations, the discharge of these compounds into the aquatic environment may pose adverse effects on the receiving ecosystem [3, 4] . Therefore, the removal of such compounds is beneficial to the environment and human health.
Carbamazepine (CBZ), a widely used psychiatric drug, is one of the most frequently detected compounds in the surface water and groundwater that receive wastewater effluent [5] . Around 30% of the CBZ is excreted in intact form after administration [6] . CBZ is resistant to biotransformation and adsorption to sludge [7, 8] , which leads to poor removal in conventional WWTPs [9] . Clara et al. found that CBZ removal was negligible in conventional activated sludge plants, such as sequencing batch reactor (SBR) and a membrane bioreactor operated at different sludge retention times [10, 11] . CBZ also showed resistance against removal with chlorination, coagulation, and flocculation [1] . Although CBZ does not produce acute toxicity in the aquatic environment, the chronic and synergistic effects with other compounds cannot be excluded [12] . Therefore, many research works were performed to develop new strategies for CBZ removal from wastewater [13] . Several treatment methods, such as membrane separation, ozonation, and adsorption onto activated carbon showed high levels of CBZ removal [14, 15] . However, these methods have drawbacks, such as generation of a waste stream and formation of more toxic compounds [16, 17] . For example, Donner et al. analyzed the transformation products of CBZ during ultraviolet (UV) photolysis with three standard ecotoxicity assays (algae, bacteria, and crustaceans) and observed higher toxicity compared to the parent compound [18] .
As an alternative to the mentioned methods, biocatalytic degradation of PhACs with enzymes may provide environmentally benign approaches that require low energy input and moderate conditions. Furthermore, the specificity of the enzymatic methods leads to minimization of the undesirable products [13, 19] . Therefore, enzymes offer a promising tool for selective and efficient removal of pollutants from water and wastewater streams [13, 19] . Among biocatalytic systems, using white-rot fungi (WRF) attracted much attention since they can degrade recalcitrant pollutants through their ligninolytic enzymes i.e. laccase [20, 21] , manganese peroxidase (MnP) and lignin peroxidase (LiP) [22] . For example, Jelic et al. used Trametes versicolor to remove CBZ with an air pulsed fluidized bioreactor in continuous mode and obtained removal efficiency of 54%. They also observed no toxicity in final culture broth [19] . Besides whole fungal culture, the use of crude or purified ligninolytic enzymes for removal of contaminants has also been investigated. Laccase is one of the most targeted ligninolytic enzymes for degradation of phenolic and non-phenolic contaminants due to its stability, low cost, feasible production and broad substrate specificity [23] . The capability of laccase to degrade different compounds, such as pesticides, dyes, and polycyclic aromatic hydrocarbons to less toxic by-products, made it attractive for wastewater bioremediation [13, 24] . Recent studies on the degradation of CBZ with laccase showed poor degradation efficiency due to the presence of an electron withdrawing group such as amide in CBZ structure. This functional group caused severe electron deficiency and made CBZ less susceptible to oxidation by laccase [25] . In this case, using redox mediators, such as 2, 2′-azino-bis (3-ethyl-benzothiazoline-6-sulfonic acid) (ABTS) and 1-hydro-xybenzotriazole (HBT) can enhance the oxidizing capability of laccase toward recalcitrant compounds [24, 26, 27] . For example, Hata et al. observed that addition of HBT increased the degradation efficiency of CBZ by laccase from 22% to 60% [27] .
Although the capability of laccase-mediator systems for degradation of pollutants has been already verified, production of pure laccase is cost-intensive laccase and challenges its commercial application. Likewise, the influence of operational parameters has not been statistically investigated to develop a reliable and efficient treatment method. In this work, fermentation of a cost-effective substrate i.e. apple pomace was used to produce laccase by Trametes versicolor. Subsequently, the effects of four parameters including enzyme concentration, mediator concentration, temperature and pH on the biotransformation rate of laccase for CBZ were studied using response surface methodology (RSM) which is an experimental approach to find the optimum conditions for a system with several variables. Finally, the CBZ biotransformation products were identified and yeast estrogenic toxicity bioassay was performed to understand the effect of biocatalytic treatment on the CBZ toxicity. To the best of our knowledge, this is the first study that investigates the performance of crude laccase-mediator for the removal of CBZ at the environmentally-related concentrations. Working at this range is of significance since the results are more reliable and it is possible to extrapolate them to real conditions.
Materials and methods

Chemicals
Carbamazepine (CBZ) and 2, 2′-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) were procured from Sigma-Aldrich (Oakville, Canada) with purity of > 99%. Carbamazepine (D10), as an internal standard, was purchased from CDN Isotopes (Pointe-Claire, Canada). Methanol and Tween 80 were obtained from Fisher Scientific (Ottawa, Canada). Ultrapure water was produced in the laboratory using a Milli-Q/Milli-Ro Millipore system (Massachusetts, USA). The ultrapure water was used for the preparation of stock solutions and samples for degradation tests.
Preparation of inoculum
The fungus, Trametes versicolor (Tv) (ATCC (American Type Culture Collection) 20869) was grown aerobically in a liquid medium (Potato dextrose broth) (2.4% w/v and 30 mL) at 30 ± 1°C and 150 rpm for 7 days. The inoculum was prepared by growing the fungus (100 μL from PDB (Potato dextrose broth) media) on potato dextrose agar (PDA) plates for 9 days at 30 ± 1°C. After incubation, the plates were stored at 4 ± 1°C prior to use for fermentation.
Solid-state fermentation and enzyme extraction
Apple pomace (Vergers Paul Jodoin Inc., Quebec, Canada) was used as a solid substrate for the production of laccase by the Tv. In brief, 40 g of solid substrate (78% moisture (w/w) and pH 4.5), along with Tween 80 at 0.5% v/w in a 500 mL Erlenmeyer flasks were magnetically stirred (Isotemp™ Stirrer, Fisher Scientific) and autoclaved (3870 ELV, Heidolph) at 121 ± 1°C for 20 min. After inoculation, the substrate was thoroughly mixed and incubated in a static incubator (Isotemp Incubator Fisher Scientific) for 14 days at 30 ± 1°C. For extraction of laccase, one gram of fermented sample was added to 20 mL of 50 mM sodium phosphate buffer (pH 6.5). Then, the mixture was mixed using a shaker incubator (Multitron, Infors HT) at 150 rpm and 35 ± 1°C for 1 h and centrifuged (Sorvall RC 5C, Dupont) for 30 min at 4°C and 7000 × g. The collected supernatant was analyzed spectrophotometrically (Cary 300 Bio, Varian) for respective laccase activity expressed as activity per gram of dry culture (Section 2.4). The supernatant was freeze-dried at −55°C and 5 Pa for 48 h and kept at −20°C (Revco, Fisher Scientific) before performing the experiments.
Enzyme assay
Oxidation of ABTS was used to measure the laccase activity. 500 μL ABTS (1.5 mM) was mixed with 2.450 mL of 0.1 M citrate-phosphate buffer (pH 4) and 50 μL of enzyme sample. ABTS oxidation was monitored at 45 ± 1°C by recording the absorbance at 420 nm (ε 420 = 36,000 M −1 cm
) for 10 min [28] . One activity unit of laccase was defined as the amount of required enzyme to oxidize 1 μmol of ABTS per min under the mentioned conditions. The average of the three measurements was reported as final laccase activity.
Experimental design and degradation efficiency
Central composite design (CCD) and response surface methodology (RSM) was employed to study the degradation efficiency of laccase as a function of temperature (°C), ABTS concentration (μM), enzyme concentration (U/L) and pH. The degradation efficiency for CBZ was considered as the dependent variable. Independent parameters and their corresponding levels are listed in Table 1 . Design-Expert ® -7 software (Stat-Ease Inc., Minneapolis, USA) was used in the formation of the experimental array which resulted in 30 experiments with 6 replicates in the center. The details of designed experiments are listed in Table 2 .
In each experiment, exact concentration of enzyme and ABTS along with CBZ (1 ppm) were mixed in desired pH (total volume of 10 mL).
The flask was later kept at suitable respective temperature (25-45°C) and 150 rpm. After 24 h, the reaction was stopped by addition of methanol (1:1 v/v ratio) and the sample was analyzed.
Kinetics of laccase-mediated CBZ degradation
Degradation kinetics of CBZ was carried out for CBZ at an initial (1)) [29] .
/h) is the maximum reaction rate, [S] is the substrate concentration, and K M is a constant. K m and V max values are determined by fitting the data into the Lineweaver-Burk plot, which resulted from Michaelis-Menten plot conversion.
Quantification of CBZ
Quantification of CBZ was performed on a liquid chromatography quadrupole (LCQ) Duo ion trap tandem mass spectrometer (Thermo Finnigan, USA) coupled with a Laser Diode Thermal Desorption (LDTD) (Phytronix technologies, Canada). The identified daughter ions for CBZ were 194 and 192 Da. The calibration curve of CBZ concentration comprised six standard solutions and the R 2 was greater than 0.99. The details of quantification process were described elsewhere [30] . All the experiments were performed in duplicates and the average results were reported.
Data analysis
The results obtained from experiment based on CCD were analyzed with RSM and fitted to a second-order polynomial model. The equation (Eq. (2)) mentioned below was employed in the RSM analysis to correlate the dependent and independent variables.
In this equation Y, β 0 , X i (or X j ). β i , β ii , and β ij are the predicted responses for the dependent variable, second-order constant, independent variable, the coefficient of linear regression, the coefficient of quadratic regression and coefficient of interactions regression between two independent variables, respectively.
The calculated degradation efficiency (%) for each run was chosen as the response (dependent) variable. The relationship between the independent parameters and the response variable was determined by design matrix evaluation, by taking the response surface quadratic model for interactions into consideration. The significance of the regression was tested and models with a p-value higher than 0.05 were not considered. The best fit for polynomial models was evaluated from adjusted coefficient of determination (R 2 values) and final equation in terms of factors and lack of fit test (LOF) was obtained by analysis of variance (ANOVA).
By-product identification
Accurate mass of CBZ and its biotransformation products under the optimum conditions were measured by LDTD-mass spectrometry (MS) and LDTD-MS-MS in the m/z range of 10-1000. About 4 μL of each sample was placed into the 96-well plates and dried at 35°C. The sample was desorbed by laser power and guided into Atmospheric pressure chemical ionization (APCI) module to ionize all the compounds. Later, the ionized molecules were guided into the mass spectrometer and their m/z ratio was scanned. After selecting the most probable m/z for by-products, another experiment was performed with LDTD-MS-MS to scan the daughter ions of by-products in the second mass spectrophotometer.
Yeast estrogen screen (YES) assay
The YES assay described by Routledge and Sumpter was employed to measure the estrogenic activity of CBZ and its degradation by-products [31] . The procedure for the determination of the total estrogenic activity was carried out by serial dilution of CBZ, its by-products and 17β-estradiol (as standard) in ethanol across 12 wells in a 96-well plate (Costar Brand, NY, and the USA). In the first row of the plate, 10 μL of ethanol was placed in each well as blank. In the second and third rows, 10 μL 17β-estradiol with different concentrations (0, 0.5 ng/L, 5 ng/L, …, 5 mg/L, 50 mg/L) was placed in duplicate. In the fourth-row, CBZ sample at 1 mg/L (4 μM) and its degradation by-products (with and without ABTS) were placed in quadruplicate. Later, the plate was conditioned under laminar flow for complete drying of the samples. 200 μL of the seeded assay medium containing chlorophenol red-β-Dgalactopyranoside (CPRG) and the yeast (hER-transfected recombinant yeast) were added to the samples. The sealed plate with parafilm was incubated for 3 days at 32 ± 1°C. The color development of the samples was checked periodically for qualitative assessment of toxicity.
Result and discussion
Production of crude laccase
TV is known as an excellent producer of laccase at industrial scale [32] . To have a sufficient amount of crude laccase in this study, laccase was biosynthesized by fermentation of apple pomace. Fig. 1 depicts the profile of laccase production during the fermentation period. The results showed that during the first 5 days of fermentation, no laccase activity was detected in the cultures. After the 6th day, laccase production started and reached its maximum on the 13th day (1800 U/L), and then decreased. No MnP or LiP activity was found during the fermentation, which can be due to the properties of strain, substrate and the fermentation conditions [32] .
Fitting the degradation model
The effect of different parameters and their interactions on the biotransformation of CBZ was investigated. The RSM design considered central points (0), low (−) and high (+) levels for the parameters ( Table 1) . The values of parameters for all designed experiments and the obtained results are summarized in Table 2 
The results of ANOVA for the biotransformation of CBZ have been summarized in Table 3 . The probability (P) value and the R-squared of the whole quadratic model were 0.0126 and 0.759. Therefore, the regression of the quadratic equation for CBZ biotransformation was significant and applicable for practical applications. According to Table 3 , the P values of quadratic and linear coefficients are less than 0.05 which means they are generally significant through the model. Moreover, the P value for interaction coefficients was 0.528 which indicates the insignificance of interactions within this model. This observation may be related to the fact that some parameters have a negligible effect on each other for the biotransformation of CBZ. The observed CBZ removal efficiency varied between 47% (30°C, 6 μM ABTS, pH 7 and 80 U/L enzyme) and 95% (35°C, 18 μM ABTS, pH 6, 60 U/L enzyme).
Based on F-value, the linear effects of ABTS concentration and pH and also the quadratic effect of temperature, pH and enzyme concentration were the most significant contributors to the efficiency of CBZ degradation. The RSM procedure predicted a convex shape for response surfaces, which means there is a unique optimum point for biotransformation efficiency. The details of parameters' role in biotransformation are discussed in the following sections. Fig. 2 presents the degradation efficiency of CBZ by the laccase-ABTS system at different pH and temperatures. It is evident that pH has both quadratic and linear effects on CBZ biotransformation within the studied range of 4-8. In pH range of 5.5-6, CBZ was almost completely degraded by the laccase-ABTS system (> 95%). However, by increasing the pH to 7, the degradation efficiency significantly (p-value < 0.02) decreased to 62%. This behavior is in accordance with the reduction of laccase activity at higher pH values compared to the acidic pH range. It has been already proven that the highest oxidation level by laccase was obtained at pH range of 4-6 [24] . The reduction of laccase activity reduced the rate of generation of mediator radical and slowed down CBZ oxidation. Also, for other ligninolytic enzymes e.g. LiP, the activity decreased at pH values higher than 4.5 due to inactivation of the enzyme [33] . Cantarella et al. also reported a drastic reduction in laccase activity when pH was over 7 [34] . Huerta-Fontela et al. reported that CBZ degradation with chlorination was enhanced at higher chlorine concentrations. They concluded that CBZ removal depended on pH so that at higher pH values (> 7), the CBZ removal was lower at lower pH [1] . The enzymes were mainly stabilized by weak interactions, such as Van der Waals and hydrogen bonds. The latter is largely influenced by the medium pH and therefore increasing or decreasing the pH beyond certain range reduced the stability and activity of the enzyme [35] .
Effect of pH and temperature on CBZ degradation
Complete removal of CBZ was observed at 35°C while the degradation efficiency was 69% and 73% at 25°C and 45°C, respectively. Decreased degradation efficiency at a lower temperature (25°C) was due to the lowered activation energy of the reaction. On the other hand, decreasing the efficiency at higher temperatures was due to inactivation of laccase [34] . Temperature played an important role in the rate of biological reactions. However, above a certain temperature (40°C), the rate of biological reactions experienced a decrease due to the denaturation of related enzymes [35] . Furthermore, the analysis of the surface plot for the effect of pH and temperature revealed that the interaction effect of two parameters was negligible.
Effect of enzyme and mediator concentration
The effect of enzyme and ABTS concentration on CBZ biotransformation are depicted in Fig. 3 . According to Fig. 3 , increasing the enzyme concentration from 40 to 60 U/L, increased the biotransformation efficiency (from around 70% to 95%) but a further increase to 80 U/L decreased the biotransformation efficiency to the same level as observed for 40 U/L. It showed that the enzyme concentration had only a quadratic effect on biotransformation. Higher laccase activity led to a rapid generation of ABTS radicals, which attacked CBZ and caused efficient transformation of CBZ. Similar results were observed in the research work of Tran et al., who reported that while increasing the laccase activity from 2000 U/L to 6000 U/L, the degradation efficiency increased 4.3 folds [32] . Further addition of enzyme to the solution increase the collisions and interactions among enzyme macromolecules and they can block each other's active sites. Therefore, at higher concentrations of enzyme, compared to the optimum level, the degradation efficiency was reduced.
On the other hand, increasing the ABTS concentration in the whole studied range (6-14 μM) enhanced the biotransformation efficiency, which is derived from the linearity of the effect. The CBZ degradation efficiency was improved from 47% to 95% by increasing the ABTS concentration from 6 μM to 14 μM. Ji et al. observed that less than 5% of CBZ was removed by free laccase in 96 h while the addition of a mediator (p-coumaric acid) increased the degradation efficiency to more than 60% [13] . Similarly, Hata et al. observed increase in the removal efficiency of CBZ from 39% to 60% after addition of HBT as redox mediator [27] . 
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The presence of a mediator allows the enzyme to overcome a kinetic barrier [36] . Mediators can stabilize the enzyme through binding to its active site or another suitable region on the protein structure of enzyme [37] . The capability of ABTS for degradation of CBZ was evaluated in another experiment through monitoring the removal efficiency of CBZ by laccase over 24 h treatment in presence and absence of ABTS. The results of this test were depicted in Fig. 4 . Accordingly, CBZ was not a highly reactive substrate for laccase and less than 30% of CBZ was degraded by free laccase after 24 h. In comparison, in the presence of ABTS, the degradation efficiency of CBZ was improved to more than 82% after 24 h. In laccase-mediator systems, laccase oxidize the mediator to form reactive radicals (ABTS% + with 0.61 V or perhaps ABTS ++ 1.1 V redox potential), which can oxidize recalcitrant compounds through one electron transfer mechanism [13, 26, 34] . Free radicals can also react with compounds through radical-radical reactions and hydrogen abstraction [24] . The general theory is that the mediator carries out the oxidation of the substrate in a catalytic cycle by turning over between its natural and oxidised (Med ox ) states [34] . Also, the intervention of by-products of the Med ox species is possible. The nonphenolic substrate can be oxidised by reacting with mediator's byproducts [38, 39] .
Kinetics of degradation of CBZ
Analysis of data can lead to estimation of the dependent variable within the range of parameters and also can suggest several optimum points with maximum degradation efficiency. According to the results, by setting temperature, pH, enzyme concentration and ABTS concentration to 35°C, 6, 60 U/L and 18 μM, respectively can increase the degradation efficiency of CBZ by laccase-ABTS system to more than 95%. These parameters' levels along with CBZ concentration of 1000 ppb were selected for kinetic study. The time evolution trends of concentration of CBZ in the optimized conditions is illustrated in Fig. 5 . As predicted by the software, CBZ was almost completely degraded (95%) by laccase-ABTS system after 24 h of incubation. The CBZ degradation efficiency was 60% during the first 8 h. Enzymatic processes generally follow Michaelis-Menten kinetic model according to which the degradation rate is of first order at very low substrate concentrations. Therefore, due to very low concentrations of micropollutants (μM level) in environmental compartment, degradation of these compounds can be fitted by a first order reaction rate [40] . Assuming the first-order kinetics for degradation, the constants were determined by plotting logarithmic concentrations against time (Fig. 5) . The kinetic constant, K, was determined to be 0.07 (h 
Metabolites identification of CBZ biotransformation
To identify the CBZ biotransformation products, a full-scan chromatogram for sample taken after 24 h of treatment by the laccase-ABTS system at optimal parameters was recorded over m/z range of 70-300. The protonated molecule of parent compound CBZ appeared at m/z of 237.10. Several more peaks were observed at m/z 271.10 and 253.10 which are attributed to 10,11-dihydro-10,11-dihydroxy-CBZ (DiOH-CBZ), 10,11-dihydro-10,11-epoxy-CBZ (EP-CBZ). EP-CBZ has been already reported as the major by-product of CBZ by oxidation with fungal whole cell and laccase [13, 41] 6 ) . According to Bahlmann et al., the level of concern estimated for EP-CBZ was similar to CBZ, while higher levels of concern estimated for DiOHCBZwere higher than the parent compound [6] .
Estrogenic activity of CBZ by-products
The YES test is a method in which the human estrogen receptor (hER) should be expressed in yeast so that in an estrogen-dependent manner, it can activate the transcription of a promoter carrying estrogen-responsive sequences [31] . The reproducibility and sensitivity of this assay was assessed by comparing the response of the yeast to 17β-estradiol with responses for different samples spiked with CBZ. The change in color due to addition of 17β-estradiol and different samples is presented in Fig. 7 . Accordingly, the estrogenicity for samples containing 17β-estradiol, as the color turned red after 3 day of incubation. However, the samples with CBZ or its by-products did not show any changes in color. The results showed that CBZ (at 1 mg/L or 4 μM) and its by-products from treatment with laccase-ABTS system has no 
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Process Biochemistry xxx (xxxx) xxx-xxx estrogenic activity. Therefore, this enzymatic treatment may be considered as a safe disposal strategy for wastewater disposal. Ji et al. employed the growth inhibition of algae using as a viability indicator for CBZ toxicity. They observed that 24 h incubation in CBZ solution (0.4 μM), resulted in 95% mortality of C. marina cell viability, while the effluent of a laccase-mediator system (with 20 μM initial CBZ) had no effect on viability [13] . In contrast, Jelic et al., used Microtox test (Vibrio fischeri luminescence) to assess the toxicity of the treated CBZ with fungus, TV. According to their results, CBZ (200 μg/L) showed a 15 min EC50 of 95% while the effluent of continuous reactor showed a 15 min EC50 of 77% which meant that the by-products were more toxic than the parent compound [19] . Comparing the results in this research with the results of other researchers [13, 19] indicates that the presence of mediator helped to remove the estrogenicity of CBZ by facilitating the production of less estrogenic compounds.
Conclusion
Crude laccase was produced by growing Trametes versicolor and employed for degradation of CBZ in the absence and presence of the enzyme mediators, ABTS. The impacts of operational parameters along with their interactions on biotransformation of CBZ were investigated using central composite design of experiments and response surface methodology. The ANOVA results indicated that the linear effects of ABTS concentration and pH and also the quadratic effect of temperature, pH and enzyme concentration were significant contributors to the efficiency of CBZ degradation. The optimization results showed that at 35°C, pH 6, 60 U/L of laccase concentration and 18 μM of ABTS concentration the degradation efficiency reached to 95% within 24 h. 10,11-Dihydro-10,11-dihydroxy-CBZ and 10,11-dihydro-10,11-epoxy-CBZ were identified as the major transformation products of CBZ degradation. The estrogenicity tests determined by yeast estrogenic activity assay revealed that the applied degradation treatment using laccase (with and without ABTS) had no estrogenicity effect. The data presented suggested that the laccase-ABTS system has potential for the removal of CBZ in aqueous media.
